Introduction
============

Rett syndrome (RTT, MIM\#312750) is a neurodevelopmental disorder (NDD) that is classified as an autism spectrum disorder (ASD) in the *Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV)*^[@ref1]^ and occurs in approximately 1 in 10 000 female births.^[@ref2]^ RTT is mostly found in girls, although a small number of boys have been identified with RTT. Although autistic features are present in some people with RTT, especially during the regressive stage, many unique clinical features differentiate RTT from idiopathic autism.

Wide interest in RTT exists because, in 1999, RTT became the first ASD with a defined genetic cause.^[@ref3]^ Although the majority of people with RTT have mutations in the X-linked transcriptional regulator *Methyl-CpG-binding Protein 2 (MECP2),*^[@ref4]^ up to 5% of people with RTT do not have mutations in *MECP2.* In some cases, people with RTT or RTT-like features have mutations in other genes. Furthermore, mutations in *MECP2* have been identified in people who do not have the distinctive clinical features of RTT, but rather have other neural developmental disorders (NDDs).^[@ref5]^ For this reason, RTT remains a clinical diagnosis defined by a consensus of clinical criteria.^[@ref5]^ In addition to the loss of function mutations in *MECP2* that cause RTT, duplication of *MECP2* causes a distinct NDD,^[@ref6]^ indicating that the nervous system is very sensitive to *MECP2* dose, and any disruption in the function of the protein product, MeCP2, can lead to neurological and psychiatric problems.

The identification of the genetic cause of the majority of cases of RTT has led to the development of a number of mouse models of the disease.^[@ref7]-[@ref12]^ These models have provided valuable insight into the pathophysiology of the disorder and point towards possible therapeutic interventions. Importantly, the animal model has demonstrated that the disease is reversible,^[@ref13]^ providing hope for the development of therapies that will ameliorate or completely rescue the disease.

The many clinical features found in RTT and the various clinical problems that arise from disrupting MeCP2 function has lead the concept that RTT is a "prototypical NDD"^[@ref14]^ that can act as a Rosetta stone to provide understanding and insight into a vast array of genetically defined and genetically undefined clinical conditions such as idiopathic autism.^[@ref15]^ To provide general information about RTT and *MECP2*-related disorders, this review will describe the clinical features of these disorders, with a focus on the autistic features present and the unique clinical features that define these disorders. Finally, a brief overview of the animal models of these diseases will be presented and will show how work with these models has led to the conceptualization and initiation of clinical trials in RTT.

Clinical features of RTT
========================

RTT is a disease that primarily affects girls because the gene responsible for the majority of the cases, *MECP2,* is located on the X chromosome.^[@ref3]^ Disruption of one copy of *MECP2* leads to, in most cases, RTT. The disease is characterized by regression with a loss of hand skills and spoken language after a period of normal development and the onset of distinctive repetitive hand movements, which was originally described in the 1960s by a pediatrician, Dr Andreas Rett,^[@ref16]^ and widely recognized after the description in the 1980s by Hagberg and colleagues.^[@ref17]^ Individuals with all the features of RTT are considered to have "classic" or typical RTT. It has been recognized that certain individuals have some, but not all, of the features of classic RTT or have distinct clinical features that distinguish them from classic RTT. These cases have been defined as "atypical" RTT. Typical and atypical RTT will be described below.

Clinical criteria for typical RTT
---------------------------------

The diagnosis of RTT is based exclusively on a set of clinical criteria derived from expert consensus.^[@ref5]^ For the diagnosis of typical RTT, the affected individual must have had a period of relatively normal development after birth, followed by a regression of skills including volitional hand use and spoken language. Hand use is replaced by distinctive, purposeless hand movements (stereotypies) and gait is impaired. The disease has a typical disease course with stabilization after the regression, which distinguishes RTT from neurodegenerative conditions such as Batten disease.

Stages of RTT
-------------

As mentioned above, typical RTT has a characteristic disease progression, which has been subdivided into distinct clinical stages. Affected children are born after an unremarkable pregnancy and appear to have relatively normal initial psychomotor development, although they may be regarded as somewhat hypotonic. Between 6 and 18 months, the children enter Stage 1, the stagnation stage.^[@ref18]^ In this stage, a failure to meet developmental milestones at the appropriate age occurs. This developmental delay may be significant enough to warrant parental and physician concern or only be recognized in hindsight.

After this period of developmental stagnation, a period of active regression, or Stage 2, ensues. This typically occurs at 1 to 4 years old, although in some cases the regression may occur earlier or later.^[@ref18]^ The regression can be sudden and dramatic, or can occur gradually over an extended period of time. During this stage, volitional hand use and language are lost. The loss of these skills may be total, or may be a reduction of previously acquired skills. In addition to the loss of motor skills and language, some affected individuals become socially withdrawn during the regression: disliking physical contact, avoiding eye gaze, and being indifferent to visual and aural stimulation. Without the development of more distinctive manifestations of RTT, such as the repetitive hand stereotypies, the diagnosis of autism may be entertained at this stage.

Although the regression can occur over a variable period, eventually this loss of skills stops and Stage 3, the plateau or pseudo-stationary period, begins.^[@ref18]^ Skills are stabilized and may improve slightly over time, although spoken language and volitional hand skills remain markedly impaired throughout life. The gait impairment is typically noted at this time, if not already apparent. Affected people have a particular gait which is considered to be markedly dyspraxic and ataxic. Additionally, the distinctive repetitive hand stereotypies, which are classically described as hand wringing or washing, but may be hand tapping/clapping or clasping, typically manifest during this stage. This stage usually persists until the teens or early twenties.

The final stage, Stage 4 or the late motor decline, is classically defined as the complete loss of the ability to walk.^[@ref18]^ Using this definition, some individuals who never learned to walk directly enter Stage 4 from Stage 2. In contrast, other people never lose the ability to walk and thus would be considered to remain in Stage 3 throughout their lives. This definition has been recognized to be inadequate, as nearly all individuals with RTT show motor changes in their teens and twenties, regardless of their ability to walk. The motor changes reflect a change from relatively low tone (hypotonia) to increased tone (dystonia and rigidity). Parkinsonism becomes common, with hypomimia and bradykinesia.^[@ref19],[@ref20]^

Additional clinical features
----------------------------

### Movement abnormalities

In addition to the characteristic movement abnormalities present in RTT - hand stereotypies and gait dyspraxia - a wide variety of movement problems are present in affected individuals. Most affected individuals are initially hypotonic at birth and early in life, but develop dystonia especially in the ankles and lower extremities. Choreiform movements of the limbs and oromotor dyskinesias with tongue thrusting can be present. Some individuals have truncal rocking, titubation, and/or tremor. Teeth grinding (bruxism) is a common problem.

### Growth failure

*A* notable feature in RTT is the fact that the majority of affected people are short, underweight, and microcephalic. All of these features are acquired, as birth weight, length, and head size are normal. The growth failure can be serious enough to warrant gastrostomy placement. Head growth is one of the first features to fail to proceed with a normal velocity, and careful measurements can identify this as early as 2 months of life.^[@ref21]^ A combination of decreased head growth velocity and developmental delay in girls is currently the most likely way that affected individuals are identified prior to regression.

### Gastrointestinal problems

Nearly all affected individuals have significant gastrointestinal problems. Motility and coordination are disrupted throughout the entire gastrointestinal tract, leading to chewing and swallowing problems, gastroesophageal reflux, delayed stomach emptying,^[@ref22]^ bloating, and constipation.^[@ref17]^ These gastrointestinal issues can have a significant impact on quality of life in affected people.

### Seizures and nonepileptic spells

The majority of affected people have seizures during their lives; however a significant percentage (up to 40%) of people do not have seizures.^[@ref23]^ This is somewhat surprising given the markedly abnormal electroencephalogram (EECj) present in all affected people.^[@ref24]^ The EEG abnormalities include frequent multifocal epileptiform discharges, which can become nearly continuous during sleep, and slow background activity.^[@ref24]^ A wide variety of antiseizure medications have been used to control seizures in RTT, and no clinical trials have been performed to indicate improved efficacy with any particular agent. Some people have medically intractable epilepsy requiring either vagal nerve stimulator placement^[@ref25]^ or ketogenic diet,^[@ref26]^ both of which have some efficacy in RTT.

In addition to epileptic seizures, people with RTT also commonly have nonepileptic paroxysmal events. The events are often associated with breathing abnormalities and can clinically appear to be seizures, even to trained clinical observers. During these events, the patient may have tonic extension of limbs with a vacant look, often with breath-holding. Occasionally the nonepileptic paroxysms can include high-amplitude irregular movement of limbs more akin to a paroxysmal dyskinesia. The events are more common at sleep/wake transitions. Because the semiology of these events can be consistent with true epileptic events, it is important to consider evaluation with video EEG to confirm the epileptic nature of paroxysmal events in RTT. Unfortunately, no medical therapy has proven beneficial for treatment of these nonepileptic events in RTT.

### Breathing abnormalities

Nearly all people with RTT have some degree of breathing abnormalities. Commonly there is some degree of hyperventilation and/or apnea.^[@ref27]-[@ref29]^ The hyperventilation can be significant enough to cause hypocapnea, and some investigators have proposed treatment with gas mixtures containing increased concentrations of carbon dioxide.^[@ref30]^ The apneic events can cause a decrease in blood oxygen and occasionally are prolonged to the point of loss of consciousness. The breathing abnormalities are significantly increased during wakefulness and may be exaggerated by anxiety,^[@ref31]^ but can be observed during sleep.^[@ref28]^ Furthermore, there appears to be a lack of coordination between breathing and heart rate, suggesting a failure within the medullary network that integrates these physiological systems.^[@ref27],[@ref28],[@ref32]^

### Cardiac abnormalities

Approximately 20% of people with RTT have prolonged QTc intervals.^[@ref33]^ Importantly, approximately a quarter of deaths in RTT are sudden and unexpected,^[@ref34]^ and the prolonged **QTc** interval is suspected to underlie these sudden deaths. In addition to the cardiac electrical abnormalities, people with RTT have decreased beat-tobeat variation,^[@ref35]^ periods of tachycardia,^[@ref29]^ and periods of bradycardia.^[@ref32]^

### Autistic features and other behavioral problems

Autistic features such as social withdrawal and avoidance of eye gaze occurs in some people with RTT, often during the period of active regression (Stage 2).^[@ref18]^ In fact, a large proportion of people with RTT meet *DSM-TV* criteria for pervasive developmental disorder not otherwise specified (FDD -NOS),^[@ref36]-[@ref38]^ and some people eventually diagnosed with RTT are initially diagnosed with autism.^[@ref39]^ Leonard and colleagues found that the initial diagnosis of autism is more likely in less severely affected individuals.^[@ref39]^ This is consistent with the recognition that autistic features are more common in a milder atypical variant of RTT, the preserved speech variant (PSV).^[@ref40]^ In general, the autistic features present during the regression stage of RTT seem to improve during Stage 3 with increased and even intense eye gaze and interest in social interactions. Nonetheless, a variety of studies have found distinct features of autism in RTT that may persist after regression.^[@ref41]^ In the only study that systematically applied a measure specific to autistic features, Mount and colleagues found that people with RTT showed increased autistic features compared with individuals with severe intellectual disability^[@ref42]^ using the Autism Behavior Checklist.^[@ref43]^ Using broader behavior screening measures, Wulfaett and colleagues found that autistic features are present in approximately 50% of people with RTT, but these features decrease with time so that 19% no longer met criteria for an ASD.^[@ref44]^ Recent work using computer-based eye-tracking devices indicates that people with RTT have a preference to look at human faces, especially eyes, which is in contrast to gaze preference in autism.^[@ref45]^ Thus, the exact nature of autistic features in RTT and their change over the course of the disease remains an extremely important research question that needs to be systematically assessed using appropriate measures.

In addition to the autistic features mentioned above, a number of behavioral abnormalities have been observed in RTT. One of the most prominent is anxiety, which often presents as fearful expression and increased breathing abnormalities and hand stereotypies when in a novel and stimulating environment.^[@ref46],[@ref47]^ Additionally, some people with RTT have self-injurious behaviors such as head banging, chewing on hands and fingers, and hitting themselves.^[@ref46],[@ref48]^ It has been noted that people with RTT have increased pain tolerance.^[@ref49]^ Sometimes people with RTT will have outbursts of unexplained screaming or laughing.^[@ref47]^ Finally, sleep is markedly disrupted in RTT, with increased incidence of difficulty falling asleep, frequent late-night/early morning arousals, and increased daytime napping.^[@ref31],[@ref50]^ A recent study using polysomnography compared RTT subjects with controls and found that RTT subjects had increased numbers of awakenings per hour of sleep and spent a larger percentage of time awake after falling asleep.^[@ref51]^

Atypical forms of RTT
---------------------

A number of people present with regression and many but not all of the required clinical features for the diagnosis of typical RTT; thus, a provision has been made for the clinical diagnosis of atypical RTT.^[@ref5]^ It has been recognized that there is clustering of people with similar features to define distinct forms of atypical RTT. These atypical forms have distinctive clinical and genetic aspects that differentiate them from typical forms of RTT.

### Preserved speech variant

The PSV is the most commonly identified atypical form of RTT, and characterized by milder severity and more regained spoken language after regression.^[@ref52]^ Speech is greatly improved compared with typical RTT, with affected individuals potentially speaking in sentences.^[@ref52],[@ref53]^ The speech produced is not completely normal, and many people with PSV have speech perseveration, pronoun reversal, and echolalia.^[@ref52],[@ref53]^ In addition to improved language, many people with PSV have better preserved hand function, better ability to walk, and potentially less significant hand stereotypies. Growth failure is also often not as severe, and some people with PSV are overweight and even macrocephalic.^[@ref54]^ Autistic and aggressive features are also more prominent in PSV compared with typical RTT, and the disease might be confused with autism if the hand stereotypies are mild.^[@ref40]^ Nearly all people identified with PSV have mutations in *MECP2.*

### Early seizure variant

Seizures in the first year of life are uncommon in typical RTT,^[@ref55]^ so individuals who present with early seizures have long been recognized as being distinct.^[@ref56]^ The seizures in people with the early seizure variant can present as a very severe epileptic disorder, infantile spasms.^[@ref57]^ Regression occurs in the context of severe seizures, making it very different from regression in typical RTT and more akin to loss of skills often seen in other epileptic encephalopathies. Information about the features of this variant is less than in typical RTT or the PSV, but in general affected people seem to have persistent eye gaze avoidance.^[@ref58]^ In general, autistic features are more predominant in the early seizure variant compared with typical RTT.^[@ref59]^ Many people with the early seizure variant do have breathing abnormalities very similar to that seen in typical RTT.^[@ref58]^ Importantly, very few people with early seizure variant have been found to have mutations in *MECP2,*^[@ref60]^ instead of mutations in a different gene, *Cyclin-dependent kinase like-5 (CDKL5)* mutations have been found in most early seizure variants. As more people are identified with *CDKL5* mutations, it is becoming apparent that mutations in this gene may cause a distinct clinical entity with some clinical features similar to RTT, but others very different. This argues that it may be beneficial to consider this as a distinct clinical entity rather than a variant of RTT.

### Congenital variant

Some people with RTF-like features never have a period of normal development and may have microcephaly from birth.^[@ref57],[@ref61]^ A major challenge in the diagnosis of people in this group with an atypical form of RTT is establishing clear psychomotor regression as opposed to a lack of skill acquisition. Recent work has identified mutation in *FOXG1* in some people with the congenital variant,^[@ref62]^ and very few people with this variant have been found that have mutations in *MECP2.*^[@ref63]^ Most people with *FOXG1* mutations have a structural brain abnormality, partial agenesis of the corpus callosum,^[@ref62]^ which is not found in typical RTT. Similar to people with *CDKL5* mutations, as more individuals are identified with *FOXG1* mutations it is becoming apparent that this represents a distinct clinical entity with unique features different from RTT.^[@ref64]^

Other clinical conditions in girls with *MECP2* mutations
=========================================================

Girls with *MECP2* mutations
----------------------------

Girls with MECP2 mutations have been found with clinical conditions distinct from RTT. Some are conditions that have distinct similarities to RTT but are clinically distinct, such as Angelman syndrome.^[@ref65]-[@ref67]^ In other cases, the affected girls have clear neurodevelopmental problems of a less severe nature than RTT, such as learning disability and uncontrolled aggression,^[@ref68]^ or electrical status epilepticus during sleep.^[@ref69]^ Finally, although it has not been identified as a common cause of autism,^[@ref70]-[@ref74]^ some cases of autism have been found to have clearly pathogenic mutations in *MECP2*.^[@ref75]^ Interestingly, there is evidence that non-coding mutations in the 3\'UTR of *MECP2* may cause autism^[@ref76],[@ref77]^ or other neurodevelopmental disorders such as attention deficit/hyperactivity disorder.^[@ref77]^ Although animal work has determined that alteration to the 3\'UTR can have clear detrimental effects on *MECP2* function and behavior, the exact pathological basis of these 3\'UTR mutations has not been established, and is an important area for further research. Although the number of cases of neurodevelopmental disorders other that RTT with clear pathogenic mutation in *MECP2* is somewhat limited, this may reflect an observational bias both in terms of what clinical features cause physicians to perform testing and the exact molecular nature of genetic testing that is performed on a clinical basis, which primarily targets the coding region of *MECP2.* Until we have a clearer idea of the full phenotypic spectrum that can be caused by *MECP2* mutations and a better way to establish the functional significance of non-coding mutations in *MECP2,* we will not overcome this observational bias. As it stands now, these rare cases provide evidence that alterations in MeCP2 function can cause a variety of neurological and psychiatric features and understanding RTT and MeCP2 function will help in the broader understanding of neurodevelopmental disorders in general.

Boys with *MECP2* mutations
---------------------------

Some boys have been identified with clinically defined RTT and RTT-disease causing mutations in *MECP2,* but the majority of these individuals have additional genetic features such as an extra X-chromosome (47 XXY, Kleinfelter syndrome)^[@ref78],[@ref79]^ or somatic mosaicism.^[@ref80],[@ref81]^ Usually, boys with a normal complement of chromosomes and a mutation in *MECP2* present with a distinct clinical condition, congenital encephalopathy, and often die within the first years of life due to autonomic dysfunction.^[@ref82]^ Since the discovery of the association of mutations in *MECP2* and RTT, effort has been made to determine if mutations in *MECP2* might cause X-linked mental retardation (XLMR). Clear pathogenic mutations have been identified, but also a number of sequence changes of uncertain significance. One of the most interesting mutations identified from XLMR families, and the only recurrent clearly pathogenic mutation identified in these boys, is p.A140V. This change has been identified in multiple members from three families^[@ref83]-[@ref85]^ and in three sporadic cases.^[@ref86],[@ref87]^ All of the affected boys have at least moderate intellectual disability (ID) and additional interesting clinical features including movement abnormalities such as tremor and spasticity and psychiatric features such as mania and psychosis. Interestingly, many of the mothers who have the p.A140V mutation have learning disability or mild ID. A mouse expressing p.AMJV has been generated which has neuronal abnormalities and behavior problems, indicating that this missense mutation changes MeCP2 function and causes the clinical condition in people.

*MECP2* duplication syndrome
----------------------------

The mutations identified in *MECP2* which cause RTT are all believed to be loss of function mutations because deletion of the coding sequence causes RTT.^[@ref4]^ An interesting concept developed when a mouse which overexpressed MeCP2 was found to have seizures, behavioral problems, and a shortened lifespan,^[@ref88]^ indicating that gain of function of *MECP2* is also detrimental to nervous system functioning. Subsequently, a large number of boys with a duplication of Xq28, which contains *MECP2,* have been identified, and it appears that duplications of this region account for approximately 1% of XLMR cases^[@ref89]^ and is a large cause of sporadic ID in boys.^[@ref90]^ Affected boys have moderate to severe ID and have additional distinct features. Most have severely impaired spoken language abilities, movement problems such as choreiform movements and tremor, seizures,^[@ref6]^ and progressive spasticity.^[@ref89]^ Immunological dysfunction has been observed^[@ref91]^ and recurrent infections can be problematic,^[@ref6],[@ref90],[@ref92],[@ref93]^ potentially contributing to the shortened lifespan observed.

Autistic features are common in boys with *MECP2* duplications.^[@ref6]^ Seven of eight boys evaluated with the Autism Diagnostic Observational Schedule met criteria for ASD.^[@ref6]^ Interestingly, detailed neuropsychological characterization of apparently unaffected carrier mothers identified an increased frequency of anxiety, depressive symptoms, and behavioral rigidity.^[@ref6]^ Interestingly, some of the carrier mothers met criteria for the broad autism phenotype when assessed with the Broad Autism Phenotype Questionnaire,^[@ref6]^ suggesting that subtle increases in MeCP2 function can contribute to behavioral changes.

Reversibility in animal models
==============================

A number of mouse models of RTT have been generated^[@ref7],[@ref8]^ which reproduce many features of the disease^[@ref33],[@ref94]^ and show remarkable face and construct validity.^[@ref95]^ These have provided insight into the pathophysiology of disease in RTT and are a useful substrate to perform preclinical testing. The most important experiment performed using these mouse models was the demonstration that restoring MeCP2 function in animals lacking the gene, even after symptoms have developed.^[@ref13]^ This was the first demonstration of reversibility of a neurodevelopmental disorder after symptom development which has provided great hope not only for RTT but for neurodevelopmental disorders in general. It will be very informative to the field to determine whether restoring gene function in disease such as Fragile X and Angelman syndrome also can rescue problems after disease onset in animal models.

Current approaches to treatment
===============================

Currently, treatment for RTT is based entirely on treating symptoms, such as treating epilepsy with anti-seizure drugs or treating constipation with laxatives. The discovery of reversibility in the mouse model of RTT has developed a strong impetus to explore treatment options directed to modify or even reverse the disease. One major focus of disease modifying treatments is based on genetic experiments demonstrating that increasing levels of brain-derived neurotrophic factor (BDNF) improves symptoms and longevity in mice.^[@ref96]^ This led to successful treatment of Rett mice with drugs that increase BDNF levels^[@ref97]^ or activate a BDNF receptor.^[@ref98]^

Either of these approaches may be useful in RTT. In alternative approach, Rett animals were treated with a tripeptide derived from insulin-like growth factor 1 (IGF1), which improved cardiorespiratory function and lifespan.^[@ref99]^ This has led to the initiation of a clinical treatment trial using full-length recombinant human IGF1 in people with Rett syndrome (NCT01253317).

Conclusions
===========

RTT is a disease with a number of interesting clinical features, many of which overlap with other neurological, neurodevelopmental, and neuropsychiatrie disorders. Additionally, alterations in the function of the protein product of the gene mutated in most cases of RTT, *MECP2,* can cause neurodevelopmental disorders distinct from RTT, including many that have autistic features. Combined with the availability of excellent animal models this makes RTT and *MECP2*-related disorders not only a fascinating and tractable subject for study, but the understanding that comes from such studies will likely provide insight into a wide spectrum of neurodevelopmental, neurological, and psychiatric diseases. The promise provided by the reversibility of disease in the mouse model of RTT has become and inspiration for the entire neurodevelopmental field and great hope exists that therapeutic options developed for RTT will prove useful for other neurodevelopmental disorders.
